INTRODUCTION
Since Phinney (1964) noticed that teleseismic body waveforms provide constraints on the velocity structure beneath seismic stations, there have been numerous papers on his transfer function methods [see BBth (1974) for a review]. Langston (1979) introduced the concept of receiver functions, as they were later called, which were both a variation and an improvement on Phinney's transfer function. Owens, Zandt & Taylor (1984) posed the receiver function problem as an inverse problem and used the difference in waveforms as partial derivatives. Zhao & Frohlich (1996) used grid-search methods to find crustal models which provided the optimal fit in the time domain between radial-component synthetics and observations. The grid-search approach was practical because they employed several techniques that made the construction of synthetics very efficient. They showed that a second-order expansion of ratios of radial-and vertical-component signals (the SORVEC method) was sufficiently accurate for constructing radial-component synthetics, and they also demonstrated that one could use a few rays to generate a reasonably complete synthetic seismogram.
In this paper, we apply the global optimization method of very fast simulated annealing (VFSA) to the SORVEC method. We shall briefly describe SORVEC and the VFSA inversion method and then present the results of our inversions for crustal structure. We use the VFSA algorithm to determine crustal structure beneath Tibet at one permanent station (LSA, Lhasa) and 10 temporary stations . For most regions in Tibet, the crustal structure is poorly known, and what little is known is derived from analysis of surface waveforms. For example, Zhao, Helmberger & Harkrider (1991) derived a crustal model using Love waveforms, but only had the data paths for southern Tibet. However, Zhu et al. (1993) studied the receiver structures of stations TUNL, WNDO and XIGA, using a receiver-function method. Zhao & Frohlich (1996) reported preliminary results concerning crustal structure beneath two stations in Tibet.
SORVEC SORVEC (second-order radial vertical comparison) was developed recently by Zhao & Frohlich (1996) . Using the SORVEC method, we can generate radial-component synthetics from given crustal and uppermost-mantle structure, and vertical component records for body-wave waveforms at teleseismic distances.
Assuming that the P signal arriving at the base of the crust from a teleseismic event is S( t), which includes both the source signal and complexity caused by near-source structure, we can write the observed vertical-component seismogram Z ( t ) and Comparison of radial-component synthetic data with synthetics generated for different classes of crustal models with the SORVEC method. Here we use the signal labelled 'V' (vertical component of a P wave recorded at station MAQI from an earthquake occurring on 1992 February 17 as input for SORVEC to generate a radial-component signal, 'R', using the four-layer-over-halfspace 'Input' crustal model in Table 1 . We test the VFSA inversion method by searching to find the best-fitting crustal models having three, four and five layers (see Table 1 ) and the associated radial-component synthetics (labelled 'Syn 3', 'Syn 4' and 'Syn 5'). The 'Difference' column is the difference between the 'Radial' signal for the 'Input' crustal structure and the synthetics generated for the best-fitting models; the numbers on the right are the misfit, i.e. the amplitude of difference as a fraction of the maximum amplitude of the radial component. Note that the fits for all of these models are excellent.
radial-component seismogram H ( t ) as

Z ( t ) = ZoS( t) + 1 Z,S( t -t i )
and
H(t)=r,S(t)+ C riS(t-ti),
where zi and ri are the appropriate products of receiver responses and transmission and reflection coefficients from the Moho to the free surface along the ray path. The ti are the time delays for reflected and converted rays in the crust.
It was proved that the normalized horizontal component can be expressed in terms of the normalized vertical component (Zhao & Frohlich 1996) : where ability exp(-AEIT), where T is a control parameter called temperature.
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The second-order expression gives good approximation up to within a few per cent (Zhao & Frohlich 1996) , thus we used the second-order, and hence the SORVEC name. For a detailed derivation and its performance, see Zhao & Frohlich (1996) .
The inversion for receiver structure by waveform fitting is an optimization problem in which we attempt to minimize a measure of misfit, i.e. an error function. There exist several approaches to optimizing a multidimensional functional. The traditional gradient-based approaches (e.g. Tarantola Kirkpatrick, Gelatt & Vecchi (1983) , involves the following steps.
(1) Random selection of an initial model (mi) from a predetermined model space. This requires setting the search limits of each one of the model parameters. In our problem this will mean assigning minimum and maximum values for compressional-wave velocity, shear-wave velocity and layer thickness.
(2) Evaluation of an error function [,?(mi) ], which can be defined as a function of the difference between the observed and synthetic seismograms (eq. 10, Zhao & Frohlich 1996) .
(3) Perturbation of the initial model to model mj, then evaluation of E(mj) and AE= E(mi) -E(mj). (4) If AE<O, accept mj. If AE>O, accept mj with a prob-
The SA procedure involves repeating steps (1) to (4) a large number of times with a constant value for T. Then, we lower T following a cooling schedule, and repeat this procedure a large number of times until the error no longer changes. Although this seems like a very difficult task, experience shows it is much more efficient than an exhaustive search.
Recently, Ingber (1989) proposed a modification of the Metropolis SA method called very fast simulated annealing (VFSA), which is very efficient for many geophysical applications. Whereas the Metropolis SA method chooses new models randomly from the entire model space for comparison with the current model, the VFSA method chooses new models using a Cauchy-like distribution function, which depends on the current model and on temperature T (called model temperature), which is lowered at subsequent iterations. This allows for a wide search of the model space during initial iterations and a narrower search as one approaches the optimum solution. This search scheme also allows for the use of a very fast cooling schedule, which is why the method is so efficient compared with other SA and GA methods.
E V A L U A T I O N OF THE A L G O R I T H M W I T H S Y N T H E T I C DATA
We have developed a VFSA inversion algorithm to determine crustal structure beneath seismic stations. This algorithm utilizes the misfit function described in Zhao & Frohlich (1996) to compare recorded teleseismic signals with synthetic data generated using the SORVEC method. Our tests indicate that the inversion algorithm successfully recovers input crustal structure in trial situations. We used real vertical-component data recorded at station MAQI in Tibet from an earthquake in northern Asia to calculate a radial-component seismogram for a trial four-layer input crustal structure ( Fig. 1 and Table 1 ). Then, we applied the VFSA algorithm to these data to determine the best-fitting three-, four-and five-layer crustal models ( Fig. 2 and Table 1 ). Note that the four-and five-layer models recovered are both similar to the input model and have much better fits (50.025; Fig. 1 ) than the three-layer model (0.362); also note that the best-fitting five-layer model is nearly the same as the four-layer model, except that the second layer is split into two layers with nearly the same velocities.
This test (Figs 1 and 2 ) demonstrates that the performance of the VFSA algorithm is satisfactory, even though we have used excessively wide ranges for the permissible model parameters (last two columns, Table 1 ). Moreover, even though we chose starting models at random from the search windows in these tests, the VFSA algorithm was able to find a crustal structure that is very close to the trial input crustal model.
APPLICATION TO TIBETAN STATIONS
We applied the VFSA algorithm to determine the crustal structure beneath 10 Tibet-PASSCAL stations and the Chinese digital station LSA ( Fig. 3 and Table 2 ). The range for search parameters in the VFSA inversion was the same as used in the example above (see Table 1 ). Altogether, about 50 earthquakes ( Fig. 4 and Table 3 ) recorded at distances of 30" to 70" provided the data for the inversion. The azimuthal coverage is much better in the east of Tibet than in the west (Fig. 4) , where there are only two earthquakes with recordings of reasonable quality. There are no events in the southwestern quadrant at all. For processing the seismic waveforms analysed in this paper, we used NEIC locations and assumed that seismic waves arriving at the base of the crust possessed a ray parameter consistent with the IASP91 model (Kennett & Engdahl 1991) . This is an adequate assumption for this type of analysis, since ray-parameter differences are quite small among different velocity models or for slightly different stationxvent distances:
at 45" distance the ray parameters of the JB and IASP91 models differ by less than 0.3 per cent and they vary by less than 1 per cent per degree distance. Because the seismic velocity beneath Tibet may be quite complicated and because we wanted to focus on the major structural features, we filtered the waveforms so that they resembled recordings on a long-period Press-Ewing instrument. Individual waveforms included about 40-50 s of signal following the initial P arrival, thus the data can resolve crustal thicknesses of up to about 80 km. This is a reasonable maximum for Tibet, as evidenced from other studies, such as gravity and deep seismic sounding. To constrain the crustal thickness to within reasonable values, in our inversions we fixed the lower limit of the mantle shear velocity to be 4.4 km s-'.
For each individual earthquake-station pair, the data consist of a vertical-component and a radial-component waveform; to these data we applied the VFSA algorithm twice, obtaining the best-fitting crustal models with four layers over a halfspace and with five layers over a half-space. In addition, at each station we used all the available waveform data together in a single inversion, obtaining the best-fitting four-layer and five-layer models (labelled 'All' in Table 4 , Fig. 5 and subsequent figures). Thus, beneath each station we found a suite of different velocity models, with each model optimized for the particular earthquake waveforms used in the inversion.
Finally, at each station we also determined an average model (labelled 'Best' in Fig. 5 and subsequent figures) and its standard deviation by forming, at each depth, the mean and standard deviation of P and S velocities determined from each of the individual earthquake-station data inversions and the inversions using all data traces. The weight of a given model used in the determination of the average model and its standard deviation is the number of data traces used to determine this model. Note that this 'Best' model may not provide better fits of data than the best models from individual runs. However, the 'Best' model, an average of all the individual models obtained, should be a better representation of the velocity structure beneath the station. For each station we display the average model and its deviation, and the models derived using all data traces available (e.g. Fig. 5 ). It is unlikely that the velocity beneath any particular station lies outside the range indicated, i.e. the average f the standard deviation. To illustrate the details of this process, at one station only, AMDO, we present a table (Table4) of the entire suite of velocity models found in the inversion, along with examples of the waveform fits (Fig. 6 ). We will not give detailed information for waveform fitting for stations other than AMDO and LSA; to give an idea of the fit we will show how many records are of good quality, by which we mean those with 20.4 for the amplitude of the difference between data and synthetics, and how many are 'noisy', by which we mean those 20.5 for the amplitude of the difference.
Station AMDO
Beneath station AMDO, the principal results of our VFSA analysis are that there is a low-velocity layer beneath about 30 km depth, and that the total crustal thickness is about 65-80 km ( Fig. 5 and Table 4 ). In the upper crust at depths of 5-15 km, the velocity is well Constrained, with an uncertainty of about k0.2 km s-' for shear velocity (Fig. 5) . The uncertainty is somewhat larger at greater depths. The shear velocity for the upper 30 km beneath the surface is 3.6-3.7 km s-', compared to 3.4-3.5 km sK1 in the lower-velocity region below. The depth of the Moho is not well constrained, but it clearly lies between Figure 6 . Comparison of observed and synthetic waveforms at station AMDO for earthquakes at different back azimuths (numbers at left). The 'Data' column depicts vertical-component (solid line) and radial-component (dashed line) observations. The 'All' column represents radialcomponent observations (solid lines) and synthetics (dashed lines) produced using the optimum four-layer crustal model determined by inverting all available waveform data. The 'Single' column similarly presents observations and synthetics obtained using the model determined by inverting the data in the left hand 'Data' column. 'Diff-all' and 'Diff-1' are the differences between the radial-component observations and the synthetics in the 'AIV and 'Single' columns, respectively. The numbers to the right of the 'Diff-all' and 'Diff-I' columns are the peak trace amplitude, expressed as a fraction of the peak amplitude of the radial-component data.
about 65 km and 80 km. The mantle appears t o have a rather low shear velocity, of the order of 4.5 km s C ' or less a t a depth of 80 km. However, the uncertainty is large as the velocities considered are constrained by the 4.4 km s C 1 lower limit of our search. Overall, the data constrain shear velocities in the crust more precisely than the compressional velocities. Zhao & Frohlich (1996) evaluated the six backazimuths (44", 83", 122", 161", 180", 295") of data from the AMDO station using a grid-search algorithm t o search for four-layer crustal models. G o o d agreements with almost all the details were achieved for models of 'all', 44", 295", 162" (velocities of the second layer of grid-search results are lower) a n d 181" The synthetics match the trend of the data, but the grid search gives lower velocities for the lower crust. The result for the model of 83" gives the worst comparison: the grid search suggests a low-velocity zone in the lower crust, but the VFSA does not. Generally, the VFSA results agree very well with the grid-search results. Note that the resolution is lower for the mantle velocities. For most earthquakes, the fit between the radial-component observations and the synthetics expected for the best-fitting crustal models is generally acceptable (Fig. 6) . For the models determined from individual waveforms, six possess maximum amplitude differences of 0.3 or less, whereas five have maximum amplitude differences of 0.6 or greater (e.g. see the backazimuths of 180" and 295"). Generally the fit is poorer when the signals are rich in high frequencies; however, this is unsurprising as it is the lower-frequency components that constrain the gross features of crustal structure. In most cases, the fits to models determined from individual waveforms are better than the fits to the 'All' models utilizing the entire data set. Nevertheless, the 'All' models are in some sense more reliable, as the use of many signals enhances the signal-to-noise ratio, especially when signals have roughly the same ray parameter.
Station BUDO
Station BUDO is located in north-central Tibet, where Zhao & Xie (1993) found the P , velocity to be about 8.0 km s-'. There are no previous measurements of crustal thickness for this area. We have collected 12 records having backazimuths from 45"-166" and one record from an earthquake at 292". Most of the records are of good quality; only three are somewhat noisy. Beneath BUDO, the principal results of our analysis are that there is a low-velocity region beneath about 12 km depth, and that the overall crustal thickness is about 70 km (Fig. 7) . The resolution for shear velocity is quite good, especially at depths shallower than about 30 km. At the very top of the crust there is a low-velocity layer about 2 km thick, and below this there i s a roughly homogeneous layer about 10 km thick where the shear velocity is about 3.70 kms-'. The shear velocity at 12 km depth is about 3.5 km s-', and drops to less than 3.4 km s-' at a depth of 25 km. Beneath this depth the velocity increases roughly linearly down to about 70 km. There is little question that the low-velocity layer in the upper crust is real, and that the uncertainty in the total crustal thickness is quite small-only a few kilometres. The mantle P velocity of 8.0 km s-' is not well determined (e.g. see Zhao & Frohlich 1996) . We have here determined a mantle shear velocity of 4.510.1 km s-', lower than that obtained previously from modelling of S H waveforms (TIP, Zhao et d. 1991) .
Presumably this is because SH waveforms are of a longer period and sample deeper, and because model TIP is derived for the whole of Tibet.
Station ERDO
Little is known about the velocity structure beneath ERDO, which lies just southwest of station BUDO. Zhao & Xie (1993) determined a P , velocity of 7.8-7.9 km s-l, but provided no information about crustal thickness. We have 12 signals at azimuths of 45"-164" and one at 293". Five of these waveforms are somewhat noisy. Beneath ERDO, our principal results are that the crustal thickness is about 70 km, and that the velocity increases with depth; we find no evidence for a low-velocity zone beneath the uppermost crust (Fig. 8) . The shear velocity in the uppermost 4 km is quite low, about 2.5-2.6 km s-l, and this overlies a roughly homogeneous layer with a shear velocity of 3.5 km s-' and a thickness of about 30 km. Between 40 and 70 km depth there are two distinct layers, but no sign of a low-velocity zone. The Moho boundary is sharp, as the shear velocity changes from 3.9 to 4.4 km s -l within a few kilometres. Generally, the uncertainty for the mantle shear velocity is small, about i 0 . 2 km s-'.
Station GANZ
Little is known about the crustal structure beneath station GANZ, which is situated at the edge of the underthrusting Indian plate on the eastern side of the Sino-Franco joint study area (e.g. Yuan et a!. 1986 ). Zhao & Xie (1993) found the P , velocity to be about 7.9 km sC1 here. In this study, our VFSA inversion for structure did not perform well, as we were able to obtain only eight signals with an azimuthal range of 44'-165", and seven of these were noisy.
Nevertheless, the resolution for shear velocity is acceptable (Fig. 9) . The reason for acceptable resolution from the noisy data set is that the noise is probably of random nature. Zhao & Frohlich (1996) presented a synthetic test on a random noise of very high level (+40 per cent); the results proved to be acceptable. We determined that the Moho is shallow, less than about 60 km depth. There is no low-velocity layer apparent. The uppermost crustal layer has a thickness of about 4 km and a shear velocity of 2.7 km s-I. The layer beneath is roughly homogeneous, with a shear velocity of about 3.4-3.5 km s-', and overlies a layer with a velocity of 3.8-3.9 km s -' . (1983) reported that there is a low-velocity layer at a depth of about 50 km with a thickness of about 10 km and a P velocity of about 5.3 km s-'. They found that the uppermost crustal layer had a thickness of a few kilometres and a P velocity of 4.6-4.7 km s-'; they reported that just above the Moho, the P velocity is high, about 7.3 km s-'. They also found a P , velocity of 8.0-8.4 km s-'. The crustal thickness is a little more than 70 km, from deep-seismic-sounding data. Zhao & Xie (1993) concluded that the overall crustal thickness in the Lhasa block is about 70-80 km. For the present study we collected waveforms from 15 earthquakes surrounding LSA (Fig. 10 , Table 5 ) to investigate the receiver structure beneath LSA (Fig. 11) .
Station
The principal result of the present study is that the overall crustal thickness is about 70-80 km. In contrast to the suggestion of Teng et al. (1983) , we find no evidence for a lowvelocity layer at about 50 km depth. The uppermost crustal layer has a thickness of about 4 km, overlying a rather homogeneous layer of about 50 km thickness with a shear velocity of 3.3-3.5 km s '. At greater depths the velocity increases approximately linearly. While the precise thickness of the crust is not well resolved, it is constrained to be in the range of 70-80 km. Generally, the shear velocity is well determined, whereas the P velocity is less so. Overall, the velocity beneath LSA is very slow.
Generally, the fit between observations and synthetics at LSA is very good (Fig. 12) , especially for the models determined from individual waveforms. In particular, for nine of the 15 waveforms the difference between observations and synthetics was less than 0.3, and none had a difference of 0.6 or greater. The earthquake with a backazimuth of 344" (Fig. 15) was anomalous, as the fit for the individual model was excellent, but poor for the 'All' model. For this event, while the overall crustal thickness as determined for four-and five-layer models was 66 km, the thickness as determined for all 15 waveforms simultaneously was about 80 km.
Station MAQI
Station MAQI is situated in eastern Tibet where there have been n o previous investigations of crustal structure. We collected waveforms of acceptable quality from 11 earthquakes for analysis with the VFSA algorithm. Beneath MAQI our principal results are that there is a lowvelocity zone beneath about 10-20 km depth, and that the total crustal thickness is about 65-75 km (Fig. 13) . In the uppermost crust there is a layer about 2 km thick with a shear velocity of about 2.4kms-'. Beneath this layer, there is a higher-velocity layer with shear velocity greater than 3.7 km s -l and a thickness of about 10 km. Then, at about 25 km depth, the shear velocity reaches a local minimum of about 3.4 km s-'. The low-velocity region extends to about 50 km depth, then beneath this the shear velocity increases roughly linearly down to the Moho. The depth of the Moho is not well resolved, but is in the range of 65-75 km. The resolution for P velocity is poorer than that for shear velocity. The mantle shear velocity is 4.4-4.6 km S K I .
Station SANG
Station SANG is situated close to station LSA within the Sino-Franco study area (e.g. Yuan et al. 1986 ). Previous investigations indicate that the crustal structure is roughly the same as beneath LSA (e.g. Zhao & Xie 1993). We have collected 12 records covering the azimuths between 45" and 161" and one record at 297"; however, seven of these records are somewhat noisy.
Our principal results are that the crustal thickness is 65-75 km, and that there is no evidence for a low-velocity zone (Fig. 14) . Generally, the crustal velocities beneath SANG are slow; for the upper 4 0 k m the velocity is about 3.2k0.3 km s-'. Beneath this depth the velocity increases roughly linearly. The Moho is in the depth range 65-75 km. We find that the mantle shear velocity beneath station SANG is slightly higher than that of LSA, and is 4.5-4.7 km s -' . The resolution of the crustal P velocity is relatively poor. Velocity (kmkec) Figure 11 . Velocity models obtained for station LSA using a receiver-function technique (Owens et al. 1984) , stacking receiver functions determined from waveforms at backazimuths of about 50" and 130" and distances of about 70". However, there is a possible problem with stacking P waveforms at this distance (Zhao & Frohlich 1996) because of contamination by PcP arrivals (the PcP ray parameter is 0.038 s km-', whereas for P it is 0.054 s km-I). Zhu et ul. (1993) obtained a crust with a thickness of about 70 km and a distinct low-velocity zone, with shear velocities of 3.8 km s-' at depths of 17-30 km and 3.5 km s-' at depths of 30-50 km. Our VFSA analysis of 15 waveforms, two of which are noisy, from azimuths of 8"-292" confirmed the presence of a lowvelocity zone and also obtained a crustal thickness of about 70 km (Fig. 15) , but the details of the structure we determined are somewhat different from that of Zhu et al. (1993) . We determined that the uppermost crust beneath TUNL has a low shear velocity of 2.5 km s -' and a thickness of about 1 km, overlying a layer about 10 km thick with a velocity of 3.6-3.7 km s -I . The low-velocity region has a shear velocity of 3.4-3.5 km s -l extending down to about 35 km; below this depth the velocity increases approximately linearly. The Moho is quite sharp, and the mantle shear velocity is 4.4-4.6 km s-'. Thus, the main differences between our 'Best' results ( Fig. 15) and those of Zhu et ul. (1993) are that we find a slower and thinner high-velocity lid overlying the low-velocity region, and we obtain a somewhat thinner low-velocity region. However, the Zhu et al. (1993) velocities generally lie within the uncertainty ranges of our analysis
Station TUNL
Station USHU
Station USHU is situated in eastern Tibet, where little is known about the crustal structure. We collected 14 waveforms from events with backazimuths of 7"-264"; five of these waveforms are somewhat noisy.
Our principal results are that the crustal thickness is about 70-80 km, and there is no distinct low-velocity zone within the crust (Fig. 16) . The uppermost crust has a low-velocity top about 3 km thick overlying a zone where the velocities are roughly constant down to a depth of 50 km. In this region the shear velocity is 3.5-3.6k0.2 km s-', and then, at greater depths, the velocity increases.
Station WNDO
Station WNDO is situated in central Tibet. Zhu et al. (1993) studied the receiver structure here, and reported two different models-one for events to the northeast and one for events to the southeast. In their northeast model the Moho is at 68 km depth, and there is a transition zone above it. Velocities within the upper 6 0 k m are quite homogeneous and about 3.4-3.5 km s-', except that there is a high-velocity lid at depths of 2-15 km with a shear velocity of 3.7-3.8 km s-'. In their southeast model the crustal thickness is 67 km, and there is no high-velocity lid in the uppermost crust. For the present study we collected waveforms for 13 earthquakes with backazimuths from 46"-294"; all of the records were of good quality.
Our principal result is that the crustal thickness beneath WNDO is about 65 km (Fig. 17) . The uppermost crustal layer is about 1 km thick, and this overlies a zone about 50 km thick where the shear velocity is about 3.5-3.6kO.1 km s-'. Generally our results are in agreement with the models of Zhu et al. (1993) ; we also find a transition zone a few kilometres thick situated just above the Moho and a high-velocity lid similar to that in their northeast model from waveforms at backazimuths of 57" and 64".
Station XIGA
Station XIGA was situated on the Yarlu-Zangbo suture zone until February of 1992, when it stopped operating due to vandalism (Zhu et ul. 1993) . Zhu et al. (1993) inverted stacked receiver functions for events in the northeast direction and obtained an overall crustal thickness of 80 km. They found a strong reflector at 20km depth where the shear velocity increased from 3.5 to 4.0 km s-'; below 30 km the velocity decreased, reaching 3.2 km s-' at about 50 km, and then it increased again at greater depths. Just south of XIGA the Sino-Franco deep-seismic-sounding study determined a crustal thickness of 70-77 km and a P , velocity of 8.1-8.2 km s-' (see Zhao & Xie 1993 for a summary). Due to a mispick of an unclear P, arrival, 8.7 km s--' was suggested and consequently anisotropy. Zhao & Xie (1993) suggested a velocity of 7.9 km s-' beneath the station site.
At XIGA we collected only eight events, and all but two of them are noisy. Our principal results at XIGA are that the crustal thickness is about 70-75 km, and that there may be a peculiarly deep low-velocity region at about 40-55 km depth (Fig. 18) . The uppermost crust has a low-velocity top about 3 km thick, overlying a 40 km thick region that is roughly homogeneous with a shear velocity of 3.4-3.6kO.2 km s-'. We did find a reflector at about 20km depth, but the shear- velocity increase there was just 3 per cent, as compared with the more than 10 per cent increase reported by Zhu et d. (1993) . The low-velocity (3.0-3.2 km s-') layer at depths of about 50 km was particularly strong for events in the northeast and east, in good agreement with Zhu et al. (1993) . However, individual models determined from waveforms occurring in other directions d o not exhibit this layer.
This study demonstrates that the VFSA inversion combined with Zhao & Frohlich's (1996) SORVEC provides a n effective and efficient scheme for determining crustal structure from teleseismic body-wave waveforms. As the VFSA algorithm only considers a limited number of models (50000 in this study) for each run, one may not find the absolute, global optimum solution; however, it is almost guaranteed that one will obtain a solution close to the optimum. Because the algorithm concentrates more of the search effort in the region of near-optimum solutions, in practice VFSA often determines a better solution than does a classical grid-search approach, since the grid-search approach has to limit the search space. This is especially true when the inversion problem is highly non-linear, such as with the inversion for layered crustal models, as in this study. Although the recording duration for the TIBET-PASSCAL stations was 1 yr and some of the stations did not perform well, we were able to obtain very clear results concerning the crustal structure within Tibet (Figs 5, (7) (8) (9) (11) (12) (13) (14) (15) (16) (17) (18) If we separate different crustal regimes by delineating shear velocities from average models of < 3.52 ('low-velocity' zone), 3.52-4.0 (lid and middle crust), 4.0-4.3 (crust-mantle transition region) and >4.3 km sC1 (Fig. 19) , a north-south cross-section demonstrates the nature of crustal variation as we cross Tibet. Overall, the crustal thickness is quite uniform, changing from approximately 68 km to 80 km over a horizontal distance of 700 km. The crust-mantle transition boundary is quite sharp in some regions and more than 10 km thick elsewhere. The bottom of the <3.5 km s-' layer is at 55 km depth in the south, but is about 20 km shallower in the north. The midcrustal 3.5-4.0 km s-' layer gradually increases in thickness from south to north. Beneath station ERDO, both the upper and middle crusts are thickened, and the Moho boundary swells up. ERDO was at the boundary of north-central Tibet, beneath which the P,, velocity is lower (Zhao & Xie 1993) .
From this observation (Fig. 19) , it is clear that the geodynamical models that need a weak north Tibet, for example the injection model (Zhao & Morgan 1987) , are not supported. Very low velocity in the upper crust agrees with the observation of the absence of long-wavelength topography (Fielding et a/. 1994) . The profile in Fig. 19 also agrees well with the suggestions from the gravity anomaly (Jin, McNutt & Zhu 1994) that the topography of the lithosphere (the crustal thickness or Moho) has a 500 km wavelength.
We speculate that the low-velocity (~3 . 5 km sC1) layer is a region of higher crustal temperature, where the temperature is produced by frictional heating caused by crustal underthrusting. This would mean that the lower boundary of the lowvelocity region (at 55 km depth beneath LSA in the south, and at 36 km beneath TUNL in the north) approximately represents the boundary between the Indian crust and the Eurasian crust. If so, a large part of the upper crust of the Tibetan Plateau is the Indian crust (Fig. 20) . Our principal reason for suggesting that the low-velocity region was originally material from the Indian crust is because this zone is thicker in the south beneath LSA and SANG than beneath the northern stations, such as B U D 0 and TUNL. However, the lower velocity at the south end may also be due partly to its proximity to the zone of collision at the plate boundary, whereas the higher near-surface velocities at the northern end arise because the crust there has had more time to cool. We suggest a geodynamical model for Tibet, as shown in Fig. 20 . The Indian plate subducts northwards and the Asian plate subducts southwards (e.g. Zhou et id. Arnaud et ul. 1992; Willett & Beaumont 1994 ). An upwelling occurs beneath station ERDO, the convection model as suggested by Houseman, McKenzie & Molnar (1981) and Molnar (1990) ; see the velocity boundaries depressed in Fig. 19 . However, the velocity profile obtained in Fig. 19 Figure 19 . Cross-section summarizing the main features of crustal shear velocity a n a south-north transection from LSA to TUNL.
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Figure 20. A geodynamical model for Tibet movement or strain field; strain heating is also a possibility (Kincaid & Silver 1995) .
